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Nonlinear aeroelasticity of a strut-braced ultra-high aspect ratio wing aircraft is investigated
using a multi-fidelity simulation environment. A baseline aeroelastic solver based on an
unsteady vortex-lattice method and geometrically-exact composite beam model is coupled with
a data-driven model order reduction tool based on high-fidelity aerodynamics. This provides
sectional corrections, retrieved from a basis created using proper orthogonal decomposition, to
the lower-order tools. Those corrections incorporate the three-dimensional and compressibility
effects of the full strut-brace wing aircraft geometry and thus result in a computationally-efficient
analysis framework suitable for multi-disciplinary design optimization. Verification of the
reconstruction process is first presented, and the static and dynamic aeroelasticity of the
strut-braced wing configuration are finally investigated.

I. Introduction

In the effort of minimizing environmental impact of aviation, aircraft designs with a significant increase in aerodynamic
efficiency become desirable. Configurations with ultra-high aspect ratio wings (UHARWs) offer a promising avenue

of development towards this goal. The overall improvement in performance is apparent as the 𝐿/𝐷 ratio is increased
in contrast to conventional configurations and in-service aircraft. The inevitable increase in flexibility as the wing
aspect ratio increases may pose some challenges regarding the interaction of disciplines traditionally decoupled and
the appearance of nonlinear effects. As a consequence, aeroelastic analysis is set to dominate many aspects of the
design. Additionally, structural problems may also arise; due to the increased wing bending moment some form of
structural reinforcement becomes necessary. To cope with this, strut-braced wing (SBW) designs generated interest in the
community (such as the well-known Boeing SUGAR concept [1]) as a solution that enables the use of UHARWs, noting
that similar cantilever UHARW configurations with suitable structural properties would introduce substantial weight
penalties, offsetting the gains in aerodynamic efficiency [2]. The strut-brace concept, first proposed by Pfenninger [3],
alleviates the higher wing loading associated with larger wing span as well as enables lower thickness-to-chord ratio
and sweep angle. It follows that the various drag contributions are thereby reduced, hence the increase in 𝐿/𝐷 when
compared to an equivalent cantilever wing configuration [4].

That tradeoff between aerodynamic and structural efficiency becomes the defining feature of UHARW, and thus
the study of SBW configurations has been the focus of numerous studies in multi-disciplinary design optimization
(MDO) [4–6]. However, as noted in [2] the computational cost of solving high-fidelity Fluid-Structure Interaction (FSI)
problems is very high, which is necessary to realize the aero-structural coupling. In the context of design optimization
these costs become prohibitive: for example flutter analysis would necessitate solving an unsteady FSI problem. To
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facilitate optimization lower-fidelity tools can be used to solve the coupled aero-structural system. Fugate et al. [2]
adopted a methodology where the low-fidelity aerodynamic solution is corrected using a sectional model that accounts
for nonlinear transonic and viscous flow effects. In this work a methodology is introduced that leverages 3D CFD
solutions for the aerodynamic correction but it is sufficiently fast to be used in MDO.

As established, optimization or other multi-query problems can present prohibitive costs, which holds true not only
in the context of coupled aero-structural problems but also for purely aerodynamic problems, where three-dimensional
flows around complex geometries are to be solved with high-fidelity CFD [7]. Similarly, to account for all condi-
tions throughout the flight envelope an immense number of simulations must be performed, again driving costs to
become prohibitive [8]. Model order reduction can offer accurate flow field predictions at greatly reduced cost [9].
The common driving methodology of the various model order reduction methods is the extraction of fundamental
structures, which leads to a reduction in the dimensionality of the problem [10]. The Reducer Order Modelling (ROM)
methodology within the multi-fidelity framework adopts an equation-free, purely data-driven approach. A set of
high-fidelity flow solutions are computed to construct the low-dimensional model, which then allow for solution re-
construction elsewhere in the design space. An in-house tool is used for the aerodynamic ROM, called RAZOR [9, 11, 12].

The aeroelastic code used is SHARPy [13], whose basic solvers are a Unsteady Vortex Lattice Method (UVLM) for
the aerodynamics, which is coupled to a geometrically-exact composite beam model (GEBM) for the primary structural
components. This approach can capture arbitrarily large wing deformations, within the assumptions of potential-flow
theory. Analytical linearizations of both structural and aerodynamic equations about nonlinear equilibrium conditions
also enable the effect of wing deformations in flutter and other dynamic characteristics of the vehicle [14]. Sectional
steady corrections have been recently incorporated on the baseline aerodynamic solver [15].

In addition to RAZOR and SHARPy, several open-source tools have been used in order to implement the whole
framework, such as GEMSEO [16], CPACS [17] along with Tigl [18]. GEMSEO is a generic engine for MDO. It
enables to automatically build MDO processes based on MDO formulations. In the current paper, its primary use is to
integrate and orchestrate the various models (solvers) involved in the computation. CPACS is a common data definition
for the air transportation system and enables to fully describe an aircraft configuration based on parameters. Finally,
Tigl is a CPACS-related tool that brings several features for the model handling such as CAD generation of the fused model.

In summary, the objective of this work is present an analysis of an SBW configuration through a multi-fidelity
framework that 1) is robust, 2) can produce aeroelastic studies that account for large excursions of the wing, and 3)
is fast to be used in MDO. The aim of the an analysis is to show the impact of the corrections on the elastic solution
when 3D flow effects are incorporated. The framework is multi-fidelity in the sense that the integrated tools are
of varying fidelity and allow for incorporating effects from more accurately resolved flows through a data-driven
aerodynamic Reduced Order Modelling (ROM) database. The configuration considered is a mid-range aircraft,
with strut-braced UHARW, referred to hereafter as SBWS. The configuration is propagated from the conceptual
design presented in [19]. The test case demonstrated here accounts only for two geometric design variables (span
and sweep of the wing), but is devised in order to cope with much larger problems at the level of preliminary aircraft design.

The structure of the paper is as follows: an overview of the methodology is presented in Section II, describing the
framework for the proposed multi-fidelity approach; in Section III the aeroelastic formulation of the problem is detailed;
in Section IV more detail is provided on the model order reduction method adopted for this work; in Section V the
demonstrated test case is described in detail as well as an overview of the mesh deformation and optimization step is
given; in Section VI a set of verification exercises are presented; while in Sectio VII an aeroelastics study of the SBWS
is shown; finally Section VIII contains concluding remarks and future outlook.

II. Methodology of Multi-fidelity Framework
In this section an overview of the multi-fidelity framework is given. It is necessary to clarify that in the context of

this work multi-fidelity refers to the integration of differing fidelity tools, and the ability to improve the accuracy of the
aeroelastic analysis through the aerodynamic ROM. As discussed in section I it is desirable to develop methods that
allow for solutions to be obtained in an accurate but fast manner. This allows for use in an MDO context, relevant for the
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design of an SBW configuration. With the methodology introduced here aeroelastic analyses can be provided for any
new geometry of a given configuration (within some bounds defined a-priori).

Since the aerodynamic ROM requires an ensemble of CFD solutions, the framework can be separated into an offline
and online stage. The offline stage consists of a Design of Experiments (DoE) and mesh generation step, followed by
CFD to construct the ROM. The online stage stage allows to predict the aero-elastic solution of a new geometry using
3D flow reconstruction from the ROM as a correction to the lower-order aerodynamic model. It is crucial for both
stages to generate the geometry in a consistent way with respect to the models. This is ensured through the use of a
dedicated GEMSEO/CPACS interface along with Tigl which enable to generate 3D CAD models as an input to the
mesh generation and to update/generate a mid-fidelity aero-structural model for the online stage. An overview of the
steps involved in each stage are given here. The offline stage consists of the following steps:

1) Design of Experiments (DoE). Design variables are defined for a given problem and the resulting design space
is sampled. For this work the design space consists only of geometrical parameters, specifically semi-span
and sweep angle of the wing but the framework can accommodate many more variables, noting the inevitable
increase in offline costs. The design space must be sampled in such a way so that the flow physics is sufficiently
captured across all sampled points.

2) Mesh generation. As the geometry varies across the design space a separate mesh is required for each point.
However, a consistent mesh topology is necessary for the model order reduction step. To achieve this an initial
mesh is generated for the baseline configuration resulting from conceptual design. Then all other meshes are
obtained by deforming the baseline mesh. This is realized with the deformation module of SU2 [20] combined
with an optimization approach that minimizes the distance between the deformed mesh and the corresponding
CAD model of a particular geometry.

3) CFD simulations. Flow solutions are computed for each geometry that correspond to points sampled during the
DoE. For each point a set of simulations are executed for a range of angles of attack (AoA). This is required to
facilitate the corrections in later steps.

4) Construction of ROM. The ensemble of flow solutions (snapshots) obtained in the previous step comprise
the training set used for generating the aerodynamic ROM. To construct the low-dimensional model only the
surface solution on the wing is used for this work. Note how the total number of snapshots will be a multiple of
the initially sampled points (geometries). The resulting ROM database is used in the online stage to compute
reconstructions, i.e. solutions referring to new geometries.

For the online stage, in addition to the GEMSEO/CPACS interface used for model generation, the underlying solvers
of the overall process have all been wrapped into GEMSEO disciplines and connected together as a chain. This chain is
finally seen as a standalone discipline which includes all steps described in the following and a schematic shown in
Fig. 1:

1) Model generation. A parametric description of the model is stored in CPACS. Design variables (span and
sweep) serve as inputs to the online process. The GEMSEO/CPACS interface allows for a consistent modification
of the geometry by adjusting relevant parameters in CPACS, propagated from the input design variables. In
combination with Tigl, this GEMSEO/CPACS interface is used to compute the wingbox based on the wing
profile at sections and obtain the resulting properties for the structure. Tigl is also employed to provide the
reference values of the wing planform.

2) Reconstruction of target solution with RAZOR. The aerodynamic ROM is used to reconstruct solutions
for a new geometry defined by the design variables. Surface quantities of pressure and shear-stress as well as
the new geometry are computed through the ROM for a range of AoA. The resulting 3D surface solutions are
post-processed to compute sectional polars of aerodynamic coefficients at the location of the beam nodes defined
in the previous step. The polars refer to 2D airfoils obtained directly from the 3D surface.

3) SHARPy in rigid mode. To facilitate the corrections, the slopes of polars must be obtained separately from
SHARPy. It is executed at two AoA with no elasticity included, which allows to compute deltas with respect to
the values computed through RAZOR.

4) Nonlinear aeroelastic simulations. The aerodynamic solver employs an unsteady vortex lattice method
(UVLM). The forces resulting from the UVLM part are then corrected so that higher-order effects of the flow are
incorporated into this method. The loads are then transferred onto a geometrically exact composite beam model
(GEBM) describing the structure.
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Fig. 1 Schematic outlining the procedure of the aeroelastic analysis framework.

III. Aeroelastic formulation
The full aeroelastic system is formed by coupling a GEBM formulation [21, 22] with the UVLM [23] and linearizing

around arbitrary configurations. This has been implemented into the code SHARPy [13], a modular framework for
aeroelastic computations.

In its basic form the solver computes static (trim) or dynamic simulations on the geometrically-nonlinear equations
on free-flying vehicle. Once a nonlinear equilibrium is found, a linearized analysis can be carried out small perturbation
of the equations. Let 𝜼 be the perturbed elastic DoF of the beam around an equilibrium 𝜼0, 𝜷 the perturbed rigid-body
dynamics, and 𝑵𝜂 , 𝑵𝛽 the corresponding incremental external forces on the structure:

M(𝜼0)
[
¥𝜼
¥𝜷

]
+ C (𝜼0, ¤𝜼0, 𝜷0)

[
¤𝜼
¤𝜷

]
+K (𝜼0, ¤𝜼0, 𝜷0)

[
𝜼

0

]
=

[
𝑵𝜂

𝑵𝛽

]
(1)

Similarly a linearization of the UVLM is sought as in [14], which yields a discrete, linear time invariant (DLTI).
The bound and wake perturbation vorticity, ΓΓΓ, ΓΓΓ𝑤 , are solved by imposing the non-penetration boundary condition at
the bound lattice,

AAAΓΓΓ𝑛+1 +AAA𝑤ΓΓΓ
𝑛+1
𝑤 = BBB𝑢𝑢𝑢𝑛𝑎 (2)

where u𝑎 is the input vector to the aerodynamics containing the perturbation to the aerodynamic grid points and
any external atmospheric disturbance. The propagation of the wake downstream is modelled by enforcing the Kutta-
Joukowski condition. The aerodynamic forces, that enter Eq. (1) in 𝑵 after linearization, are concatenated in the output
vector 𝒚𝑎; the aerodynamic state vector is assembled as 𝑥𝑥𝑥𝑛𝑎 = [ΓΓΓ𝑛;ΓΓΓ𝑛

𝑤; 𝑑𝑡ΓΓΓ𝑛;ΓΓΓ𝑛−1]⊤, and the final DLTI aerodynamic
system is:

𝑥𝑥𝑥𝑛+1
𝑎 = 𝑨𝑥𝑥𝑥𝑛𝑎 + 𝑩𝒖𝑛+1

𝑎

𝑦𝑦𝑦𝑛+1
𝑎 = 𝑪𝑥𝑥𝑥𝑛𝑎 + 𝑫𝒖𝑛

𝑎

(3)
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A similar state-space system is realized for the structural description around a nonlinear equilibrium and both are
coupled such that the aerodynamic forces from the output of the aerodynamic system (forces) enter the structural system,
and similarly this system outputs the displacements and velocities to the aerodynamics. The aerodynamic corrections
from high fidelity data have to be then applied to 1) the tightly coupled simulation that finds the nonlinear equilibrium
of the aircraft; and 2), to the matrix 𝑨 in the aerodynamic state-space system for the unsteady affects and to the vector
𝒚𝑎 as a scaling of the forces. The focus in this work is on the correction of the nonlinear aeroelastic equilibrium, which
will be described in the next section.

A. Nonlinear framework for design
The ultimate objective of the proposed solution is to perform design and optimization analysis in a reliable yet

efficient manner, for which the strategy depicted in Fig. 2 has been implemented. A set of parameters determine the
aircraft geometry from which a reduced order model library has been generated with RAZOR. The structural model
and the underlying lifting panels from the geometry are passed onto SHARPy which builds the aeroelastic model
and runs the simulation. At each evaluation point the nonlinear equilibrium of the configuration is found in a tightly
coupled iteration where the UVLM forces are corrected with the sectional aerodynamic polars before being transferred
to the structure. The aeroelastic system is linearized around the equilibrium obtained at the prescribed flight condition,
with the linearized UVLM also enhanced from the ROM library. The static aeroelastic loads are retrieved from the
equilibrium and the resulting state-space system is used to compute dynamic loads and stability of the configuration.

Resilient- and sustainable-by-design UHAR wing and airframe 1

(Nonlinear)
Trim	flight

(Linear)	
Aeroelastic
system

High	Fidelity	Aerodynamic	
ROM	library

Design	parameters
(wing	platform,	
twist,	sweep,	
dihedral…)

UVLM	DLTI

Linearized	
structural	model

• Static	loads

• Flutter

• Dynamic	loads

Equilibrium	
wing	shape

[Cl,	Cd,	Cm](⍺eff)

Tightly	coupled Corrected	
aero

Nonlinear	
structure

Fig. 2 Schematic of the proposed aeroelastic solution

The correction process in the calculation of the nonlinear equilibrium is outlined as follows:
1) Build UVLM rigid aerodynamic coefficients.
2) Iterate to find nonlinear aeroelastic equilibrium:

1) Compute the UVLM aerodynamic forces and their corresponding aerodynamic coefficients.
2) Map the coefficient of lift given by the panel method, 𝐶𝑖𝑛

𝑙
, to an effective AoA, 𝛼𝑒 𝑓 𝑓 , for each section

along the lifting surfaces using the loads on the rigid model (𝐶𝑟
𝑙0 and 𝐶𝑟

𝑙𝛼
for the 0 AoA and lift slopes

respectively):

𝛼𝑒 𝑓 𝑓 =
𝐶𝑖𝑛
𝑙

− 𝐶𝑟
𝑙0

𝐶𝑟
𝑙𝛼

(4)

3) Using 𝛼𝑒 𝑓 𝑓 , obtain the high fidelity coefficients, 𝐶𝑜𝑢𝑡
𝑛 , via interpolation in the high fidelity database. This

process is depicted in Fig. 3
4) Replace the UVLM aerodynamic forces with those corresponding to the high fidelity data.
5) Transfer the aerodynamic loads to the structure and check convergence to repeat the loop or continue onto

building the linearized dynamical system.
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Fig. 3 Calculation of effective angle of attack from sectional loads

IV. Reduced Order Modelling Framework
RAZOR, the aerodynamic ROM tool consists of an offline stage and an online stage, largely corresponding to the

steps details in section II. The low-dimensional model is built after DoE within the offline stage, whereas new solutions
are reconstructed in the online stage. In this section more detail is given about the POD-based method employed in the
framework.

POD is a linear model order reduction method. The algorithm is used to extract orthogonal basis functions (or
POD modes) from snapshots, referring to the method adopted for the basis extraction as introduced by Sirovich [24].
Model order reduction of the system is achieved if sufficiently few fundamental structures characterize the dynamics.
Sirovich’s method of snapshots demonstrates that POD modes can be expressed as a linear combination of snapshots:

𝜙(x) =
𝑁𝑠∑︁
𝑖=1

𝑏𝑖ui (5)

where 𝜙 is the POD mode, ui is the vector of the quantity of interest across all grid points of the mesh, 𝑁𝑝 for
snapshot 𝑖 and 𝑏𝑖 is the associated coefficient [24]. The coefficients can be obtained by the solution of an eigenvalue
problem [10] as follows:

Rb𝑖 = 𝜆𝑖b𝑖 (6)

where R is the cross-correlation matrix of the snapshot matrix U = {u1, u2, ..., u𝑁𝑠
}, defined as R = U𝑇U. The

energy associated with each mode is given by the eigenvalues 𝜆𝑖 , in essence quantifying the relative importance of a
mode [25]. Thus, the modes can be ordered according to their energy content and truncated based on a threshold energy
content. Since the number of DoF in the low-dimensional model is given by the number of POD modes, an efficient
order reduction is achieved in this way [9]. The normalized POD modes are expressed as:

𝜙𝑖 =
1

√
𝜆𝑖

Ub𝑖 (7)

where
√
𝜆𝑖 is the normalization factor.

A reconstructed solution is expressed as a linear combination of the POD modes and their associated coefficients, 𝑎𝑖 .
The coefficients are obtained by way of Radial Basis Function (RBF) interpolation. Then a reconstructed solution is
computed as:

u(x) ≈ û =

𝑁𝑚∑︁
𝑖=1

𝑎𝑖𝜙𝑖 (x) (8)
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V. Problem Definition
The problem used to demonstrate the framework is described in this section. The SBWS configuration as referred to

in section I is described by two parameters, the semi-span of the wing and the sweep angle. Hence, the design space is
two-dimensional and the sampling is shown in Fig. 4. Flow solutions of 12 distinct geometries comprise the training set
for the aerodynamic ROM database and the multi-fidelity framework is expected to work reliably within the bounds
of this parameter space. Note however that the aerodynamic ROM is constructed using 72 snapshots, to facilitate the
corrections described in sections II and III. This means that for every geometry 6 solutions are obtained at varying AoA,
in the range of −10◦ and 15◦ with 5◦ increments. Solutions are always reconstructed at these angles, i.e. there is no
enrichment. The baseline configuration mentioned in Section II is not part of this training set, instead it is an example
geometry used in the verification exercises and to demonstrate elastic results.

Fig. 4 Twelve points sampled from the two-dimensional design space of semi-span and sweep.

The geometry is defined within CPACS. As explained in section II the GEMSEO/CPACS interface allows to generate
a new configuration for each sampled DoE point in a consistent way such that the full parametric description is affected
by the design variables: semi-span and sweep of the wing. For example the orientation and dimensions of the strut
also change based on the inputs. A fused 3D CAD model of the aircraft half-body is created using Tigl. From this an
unstructured mesh is generated for the baseline configuration, with a semi-span of 31 m and sweep of 12.5◦. The mesh
consists of 2,074,673 elements and 426,587 grid points. The surface mesh itself is shown in Fig. 5 with the various
components annotated.

The aerodynamic problem considers inviscid flow over the aircraft surface. To obtain the flow solutions the CFD
solver of SU2 [20] is used. The numerical scheme employed is Roe. The flight conditions correspond to cruising flight
at an altitude of 11 km. Freestream values are shown in table 1.

Mach number Temperature (K) Pressure (Pa)
0.745 218.6 22,700

Table 1 Freestream conditions for the MR-SBWS in cruising flight.

To illustrate the flow over the SBWS aircraft in Fig 6 an example 𝐶𝑝 distribution is shown, presenting the flow
features such as transonic shocks over the suction side of the wing as well as on the strut. Note that only the relevant
surfaces are processed of the CFD solutions. In this work this is restricted only to the wing.
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Fig. 5 Surface elements of the baseline mesh, annotated with important features of the MR-SBWS. The geoemtry
has a semi-span of 31𝑚 and a quarter-chord sweep of 12.5◦.

Fig. 6 Coefficient of pressure distribution over SBWS at 𝛼 = 5◦ for a configuration with a semi-span of 35𝑚 and
sweep of 12.0◦.

The structural model is described by beam elements and a number of beam nodes. Structural properties are computed
from the wingbox. The wingbox is computed in relation to the structural beam nodes and it is illustrated in Fig. 7.

Only a preliminary version of the structural model has been tested and further work will look into improving this
part of the configuration. The aeroelastic model is then composed of equivalent beam elements, distributed mass and
aerodynamic panels as shown in Fig. 8.

A. Mesh Deformation and Optimization
As outlined in section II the DoE is followed by a mesh deformation stage. To compute an appropriate low-dimensional

model a consistent mesh topology is required across all the snapshots, which follows from the snapshot-based POD
formulation described in section IV. As the design space consists of geometrical parameters, a consistent topology (with
respect to the number of grid points and connectivity) cannot be ensured if a distinct unstructured mesh is generated for
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Fig. 7 Overlay of the wingboxes at sections (obtained from Tigl) and the 3D geometry of the wing.

Fig. 8 Reference SBW aeroelastic model

each geometry. To cope with this circumstance all meshes are propagated from an initial baseline mesh shown in Fig. 5.
To achieve this the mesh deformation module of SU2 is used.

The deformation is performed by defining a free-form deformation (FFD) box enclosing the wing, and applying
displacements to the nodes of the box. The SU2 deformation module then linearly interpolates the box displacements
onto the grid points of the mesh.

An optimization approach, managed through GEMSEO, is used to deform the mesh to match the desired ge-
ometry, where the objective function is measured by the distance between certain points on the mesh, and certain
corresponding points on an independently generated CAD model obtained through the GEMSEO/CPACS interface.
In order for the optimization to be efficient, a reduced form of the baseline mesh is created that contains only the
mesh points relating to the objective function. The optimization itself is performed on this reduced mesh, then the re-
sults from this optimization are used to deform the full mesh. An example of a resulting deformed mesh is shown in Fig. 9.

Since the FFD box cannot be aligned exactly with the curved root-fairing intersections for both the wing and the
strut, any deformation applied to the tip of the wing also deforms the root, either causing a discontinuity in the mesh or
changing the shape of the fairing. When optimization constraints are applied that limit the translation of the root, the
objective is not reduced satisfactorily, instead the minimization of the translation of the root is treated as a separate
optimization problem performed after the desired sweep/span/etc. at the tip is achieved.
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Fig. 9 Baseline mesh (red) superimposed with a deformed mesh (blue). Here the baseline mesh has a semi-span
of 31 metres and a quarter-chord sweep angle of 12.5◦, while the deformed mesh has a semi-span of 25 metres
and 9◦ sweep, with no other changes in the parameters.

VI. Verification
To verify that the corrections are applied appropriately within the framework, the polars of aerodynamic coefficients

are obtained from SHARPy that correspond to the full 3D wing surface. To consider the process verified, the polars
must match (within some tolerance) those that are obtained directly from the reconstructed solutions computed with
RAZOR. To achieve this, SHARPy is run so that the structure is infinitely rigid; only aerodynamics is present. To
demonstrate this three exercises were done, where 𝐶𝐿 and 𝐶𝐷 are compared.

The first exercise is associated with a geometry that is part of the training set. Since all POD modes are used in the
reconstruction as explained in Section IV the reconstruction must match the original CFD solution exactly. Polars are
compared in Fig. 10. As expected the curves obtained from SU2 and RAZOR are exactly superimposed, but some
discrepancy can be observed when comparing the results of SHARPy, most apparent at higher AoA. This can be
attributed to interpolation steps when extracting sections from the 3D flow solution as well as interpolation between
polars along the span in SHARPy. This is needed as nodes are placed between section in SHARPy. The 𝐶𝐷 − 𝛼 curve
shows very good agreement with the reference values.

The second exercise is associated with the baseline geometry. Additional CFD solutions are also available for this
point which will allow to contrast the discrepancies between the reference polars coming from RAZOR, the polars
obtained from SHARPy, and those coming directly from CFD, noting also the differences observed in the first exercise.
The polars are compared in Fig. 11. There is a visible discrepancy at the two extreme AoA when the reconstruction
is compared to the reference CFD solutions, indeed these inaccuracies are much larger than any difference between
the two polars being verified. This may be attributed to the fact that the reconstructions are on the boundary of the
ROM’s parameter space. It follows that any errors arising during the correction process are similar or smaller than those
resulting from the reconstruction.

The final exercise is aimed to demonstrate the same behaviour throughout the whole parameter space which is
achieved by performing a parametric analysis. The results shown refer to the error over the whole parameter space
for each discrete AoA. The error is evaluated for 49 uniformly sampled points in total, and an estimate of the error
for the whole parameter space is obtained by way of interpolation. Figures 12, 13, and 14 show the errors over
the parameter space. In some regions consistently higher errors can be observed which is to be investigated in future work.
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Fig. 10 Polars of 𝐶𝐿 and 𝐶𝐷 obtained from SHARPy are compared to the reference values obtained from
RAZOR. The geometry has a semi-span of 35 m and sweep of 9.0◦, and is part of the training set. The solution is
exactly reconstructed in comparison to the CFD solution whose polars are also shown.

Fig. 11 Polars of 𝐶𝐿 and 𝐶𝐷 obtained from SHARPy are compared to the reference values obtained from
RAZOR. Corresponds to the baseline geometry with a semi-span of 31 m and sweep of 12.5◦, which is the baseline
geometry. Curves obtained directly from CFD are also shown, illustrating the error in the reconstruction.

VII. Aeroelastic study of the SBWS configuration
Some preliminary aeroelastic results with and without the high fidelity corrections are presented in this section.

The flow conditions are flow speed of 𝑈∞ = 219.9 𝑚/𝑠 and density 𝜌 = 0.365 Kg/m3. Fig. 15 presents the aeroelastic
equilibrium of the wing using the standalone aerodynamics of the UVLM (in green) with the wake panels represented,
and the corrected aerodynamics from RAZOR (in blue). The increase in the aerodynamic loading in the corrected
model generates larger displacements on the wing. These come from higher order effects not captured by the VLM,
including compressibility effects and the cambering of the laminar airfoils, which, although possible, was not including
in the geometric definition of the panels.

To quantify the changes in the aerodynamic loading from the corrections, Fig. 16 presents the lift distribution
normalized with the dynamic pressure along the wing span for the wing at 4 deg angle of attack. The figure includes
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Fig. 12 Direct error in aerodynamic coefficients throughout the parameter space. Absolute value is shown.
𝛼 = −10◦ (left) and 𝛼 = −10◦ (right)

Fig. 13 Direct error in aerodynamic coefficients throughout the parameter space. Absolute value is shown.
𝛼 = 0◦ (left) and 𝛼 = 5◦ (right)

Fig. 14 Direct error in aerodynamic coefficients throughout the parameter space. Absolute value is shown.
𝛼 = 10◦ (left) and 𝛼 = 15◦ (right)

the lift on the deformed wing with and without the corrections. The loads on the rigid wing are also included. The
high-fidelity corrections increases the loads up to around 50% at the wing root, and also capture more complex details
on the inner wing and around the strut. Further work will include a more detailed study of these effects and their
influence in the aeroelastic calculations.

Using an initial estimation of the distribution along the wing and the strut, the dynamics of the wing can now be
explored. For that purpose, the linearized aeroelastic system is built around each equilibrium point and it is then written
in state-space form, as described in Fig. 2. Fig. 17 shows the four modal shapes of the wing equilibrium around 0 and 4
degrees AoA. They are shown in dark and light blue, respectively. While the first bending mode is barely affected, and
the different shapes in the plots are mostly due to normalization, there is a substantial increase in the natural frequencies
of the second bending mode, which is involved in the flutter mechanism for this wing. Note that instead of a symmetric
model, a left wing is added to the model, which introduces antisymmetric modes to the system.

Flutter results for 3 nonlinear equilibrium points are finally shown in Fig. 18. As observed above, the second bending
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Fig. 15 SBW aeroelastic equilibrium with (blue) and without (green) corrections at 4 deg angle of attack
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Fig. 16 Lift distribution for a rigid and elastic SBW at 4𝑜 AoA

mode is strongly affected by the wing deformations, and therefore an important decrease in the flutter speed has been
observed with the angle of attack. While such reduction in flutter speed is known to occur for high-aspect-ratio wings
[26], this very reduction is likely to be an artifact of the particular mass distribution considered in this work. A more in
depth analysis still needs to be carried out to understand the instability mechanisms in this wing, the sensitivity with
modelling details, particularly with respect to the strut geometry, and the contribution of the aerodynamic corrections to
the solution.

VIII. Concluding Remarks
In this paper a multi-fidelity framework was introduced that allows for nonlinear aeroelastic analysis in a fast but

accurate manner, with the aim to be used in MDO. A mid-fidelity aeroelastic tool is coupled with an aerodynamic ROM
tool based on high-fidelity CFD solutions. The latter provides corrections to the aerodynamics of the aeroelastic tool
in the form of sectional polars. This methodology allows for keeping computational costs low. Indeed the dominant
expense in terms of computations comes from the requirement to obtain an ensemble of high-fidelity CFD solutions to
construct the aerodynamic ROM. The use of the framework has been demonstrated and verified using a highly relevant
test case, specifically a strut-braced ultra-high aspect ratio wing configuration. This configuration is particularly well
suited for this framework: the design of such aircraft necessitates the use of MDO, and presents a problem where there
is a strong aero-structural coupling and aeroelastic effects are substantial.

Preliminary aeroelastic results have been presented using the proposed method. Further work is still necessary to
assess the quality of the corrections under strong aeroelastic effects. For that purpose, the equilibrium shapes will be
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Fig. 17 Structural modes after aeroelastic equilibrium at 0 VS 4 deg AoA
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Fig. 18 Flutter speed at 4, 5 and 6 degrees AoA

retrieved and a high-fidelity CFD simulation will be carried out to obtain the actual expected force distribution.

The aerodynamic formulation of the problem can be extended to include viscous effects by solving for the Reynolds-
averaged Navier-Stokes equations which would promote a much higher-fidelity ROM database. Considering specifically
the aerodynamic ROM, more extensive sampling would increase the accuracy of reconstructions. Various methods can be
introduced to find a good trade-off between offline computational expense and online accuracy, such as iterative sampling.

The presence of the strut is a critical aspect of the SBW configuration and the interference effects are substantial (see
e.g. [2]). Therefore, in future work the strut aerodynamics must be considered as well, noting its effects are implicitly
contained in the problem (as the solution on the wing surface is affected), but is not treated in the aeroelastic tool or
contained in the ROM database.
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Worthwhile future developments also include using the framework within MDO for a much higher dimensional
problem, i.e. considering additional design variables in the parameter space. Note that offline costs are expected to
increase by orders of magnitude as parameters are added. This is especially true if a good enough sampling of the
parameter space is desired to be able to extract all the relevant physical content when creating the low-dimensional
model. An important point must be mentioned with respect to the mesh deformation and optimization step adopted in
this work. Further work with this approach revealed that the extension of the method for more complex geometries,
such as the wing section shape, does not converge to a good solution. Increasing the number of control points in the
FFD box was neither an efficient nor effective way of improving the convergence of this optimization. Assuming
that a structured mesh is not an option, a specialized algorithm that directly deforms the mesh points according
to each complex geometrical design parameter would need to be developed in order to solve this problem. To
cope with this alternative approaches must be investigated that are less sensitive to the number of geometrical param-
eters, while still allowing for fast, automatic meshing of many geometries and allowing their use in the aerodynamic ROM.
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